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In the standard model neutrinos are assumed to have streamed across the Universe since they
last scattered when the standard-model plasma temperature was ∼MeV. The shear stress of free-
streaming neutrinos imprints itself gravitationally on the Cosmic Microwave Background (CMB)
and makes the CMB a sensitive probe of neutrino scattering. Yet, the presence of nonstandard
physics in the neutrino sector may alter this standard chronology and delay neutrino free-streaming
until a much later epoch. We use observations of the CMB to constrain the strength of neutrino
self-interactions Geff and put limits on new physics in the neutrino sector from the early Universe.
Within the context of conventional ΛCDM parameters cosmological data are compatible with Geff .
1/(56 MeV)2 and neutrino free-streaming might be delayed until their temperature has cooled to
as low as ∼25 eV. Intriguingly, we also find an alternative cosmology compatible with cosmological
data in which neutrinos scatter off each other until z∼104 with a preferred interaction strength in
a narrow region around Geff ' 1/(10 MeV)2 ' 8.6× 108GF, where GF is the Fermi constant. This
distinct self-interacting neutrino cosmology is characterized by somewhat lower values of both the
scalar spectral index and the amplitude of primordial fluctuations. While we phrase our discussion
here in terms of a specific scenario, our constraints on the neutrino visibility function are very
general.
PACS numbers: 98.80.-k,14.60.St,98.70.Vc
INTRODUCTION
Neutrinos are the most elusive components of the stan-
dard model (SM) of particle physics. Their tremendously
weak interactions with other SM fields render measure-
ments of their fundamental properties very challenging.
At the same time, the existence of neutrino mass [1] con-
stitutes one of the most compelling lines of evidence for
physics beyond the SM, and makes the neutrino sector a
prime candidate for searches for new physics. In recent
years, cosmology has provided some of the most stringent
constraints on neutrino properties, most notably the sum
of their masses and their effective number [2, 3]. Can cos-
mological data inform us about other aspects of neutrino
physics?
One assumption that is almost always implicitly made
is the free-streaming nature of cosmological neutrinos (for
exceptions, see, e.g. Refs. [4–18]). Within the confines
of the standard model this assumption is justified since
SM neutrinos are expected to have decoupled from the
primeval plasma in the very early Universe at a temper-
ature T ' 1.5 MeV. Yet, this assumption is not a priori
driven by cosmological observations, but instead a prior
on the models of neutrino physics we choose to compare
with data. Abandoning this assumption allows us to an-
swer the important question: How does cosmology inform
us about the interactions of neutrinos with each other?
Free-streaming neutrinos create anisotropic stress
which, through gravity, alters the evolution of the other
particle species in the Universe [13, 19, 20]. As cosmo-
logical fluctuations in the photon and baryon fluids are
particularly sensitive to the presence of a free-streaming
component during the radiation-dominated era, we ex-
pect the recent measurements of the CMB to provide
an interesting constraint on the onset of neutrino free-
streaming. We emphasize that while neutrino-neutrino
scattering may have been ubiquitous in the early Uni-
verse, arranging for and measuring neutrino-neutrino
scattering on Earth is particularly difficult given the chal-
lenges involved in creating intense neutrino beams (see
e.g. [21]).
In this paper, we compute the first purely cosmological
constraints on the strength of neutrino self-interactions.
We model the interaction as a four-fermion vertex whose
strength is controlled by a dimensional constantGν , anal-
ogous to the Fermi constant. In this scenario, the onset of
neutrino free-streaming is delayed until the rate of these
interactions fall below the expansion rate of the Universe,
hence affecting the evolution of cosmological fluctuations
that enter the causal horizon before that epoch. As we
discuss below, the cosmological observables are compati-
ble with a neutrino visibility function peaking at a tem-
perature orders of magnitude below that of the standard
picture. Furthermore, we unveil here a novel cosmology
in which neutrinos are strongly self-interacting until close
to the epoch of matter-radiation equality.
In earlier investigations of neutrino properties [22–28],
neutrinos were modeled as a fluid-like [29] and constraints
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2were placed on the phenomenological parameters ceff and
cvis, the rest-frame sound speed and the viscosity param-
eter of the neutrino fluid respectively. These analysis
found consistency with the free-streaming limit. How-
ever, by modeling these parameters as constant through-
out the history of the Universe they could not capture
the realistic physics of neutrino decoupling. We incor-
porate here the physics necessary to follow in detail the
dynamics of the transition of neutrinos from a tightly-
coupled fluid to particles free-streaming across the Uni-
verse. As we discuss below, our analysis shows that the
phenomenological parametrization using ceff and cvis has
no interpretation in terms of standard particle scattering,
hence shedding doubt on the usefulness of these param-
eters.
NEUTRINO INTERACTIONS
Previous Works and Constraints
Neutrino interactions beyond those predicted by the
SM have been studied in many different contexts over the
last three decades. Example of this including Majoron
models [30, 31] in which neutrinos couple to a massless
Goldstone boson, as well as scenarios where neutrinos
couple to new massive scalar or vector particles [32, 33].
In Majoron scenarios where the new boson is a SM gauge
singlet, the emission of the massless Goldstone boson
in the final state of meson and lepton decays put fairly
strong constraints on the dimensionless coupling constant
between Majoron and neutrinos (see Ref. [34] for recent
bounds). We note that scenarios where neutrinos couple
to SU(2)L doublet or triplet Majorons are ruled out by
LEP since they would contribute an extra component to
the invisible decay width of the Z boson. It was also
shown that the CMB places strong constraints on these
scenarios [6–9, 17, 18]
In models where neutrinos couple to new heavy medi-
ator particles, the low-energy theory relevant to cosmo-
logical studies based on the CMB can be described by
a dimensionfull Fermi-like constant Gν . In this type of
scenarios, the possible emission of a light (relative to the
decaying species) mediator particle by neutrinos in the
final state of Kaon, Z, and W decay leads to bounds
on the value of Gν [32, 33, 35–37]. We caution that
these bounds must be interpreted with care as they each
have their own range of validity and built-in assump-
tions. For instance, Refs. [35, 36] implicitly assumes the
mediator to be at or near the weak scale, making these
constraints largely inapplicable for much lighter mediator
masses such as those relevant for the present CMB study.
On the other hand, Ref. [37] considers the case of a light
(. 5 MeV) vector mediator coupling in a gauge invariant
way to both neutrinos and charged leptons, leading to
very strong constraints on hidden neutrino interactions.
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FIG. 1. Visibility function for self-interacting neutrinos for
different values of the effective coupling constant Geff as a
function of redshift. Here, we assume three neutrinos species.
Note that we have divided out each case by their maximum
visibility in order to show them on the same scale.
These constraints can however be largely alleviated if the
coupling to charged leptons is relaxed, although Big Bang
Nucleosynthesis still provides a strong constraint for light
mediator mass [38].
The copious emission of neutrinos from supernovae
provides another avenue to study neutrino interactions
beyond the SM [39–46]. It was initially thought that the
neutrinos detected from SN1987A place very strong con-
straints on the neutrino self-interaction cross section [47].
However, these bounds were largely refuted in Ref. [48]
with the exception of the relatively weak constraints from
Ref. [49]. In a similar spirit to this last constraint, the
propagation of ultra-high energy neutrinos through cos-
mological distances also puts bounds on the neutrino self-
interaction cross section [50–54].
In this work, we present bounds on neutrino interac-
tion that are purely based on the universal gravitational
influence of neutrinos on CMB photons. As such, the
constraints presented here are largely model indepen-
dent and thus fully complementary to the limits discussed
above. While we use a specific phenomenological scenario
to model the neutrino self-interactions (see next section),
our constraints on the neutrino visibility are very general.
Effective Scenario
For definiteness, we consider a phenomenological sce-
nario in which neutrinos, in addition to their regular SM
interactions, have non-negligible self-interactions due to
their coupling with strength gν to a new massive media-
tor particle ϕ with mass Mϕ. When the temperature of
the neutrinos falls significantly below the mediator mass,
3one can integrate the latter out and model the interac-
tion as a four-fermion vertex controlled by a dimensionful
coupling constant
Gν ≡ g
2
ν
M2ϕ
. (1)
As long as neutrinos are relativistic, the thermally-
averaged neutrino-neutrino cross section times velocity
scales as
〈σννv〉 ∝ G2νT 2ν ∼
(
Gν
GF
)2
〈σSMνν v〉, (2)
where Tν is the temperature of the neutrino bath, GF '
1.166× 10−11 MeV−2 is the Fermi constant, v is the ve-
locity of the neutrinos, and where σSMνν denote the Stan-
dard Model neutrino interaction cross section to stan-
dard Weak processes. The above relation highlights how
quickly the neutrino self-interaction cross section rises
for increasing Gν . In the early Universe, self-interactions
render the neutrino medium opaque with an opacity
τ˙ν ≡ −aξG2νT 5ν , where ξ is an order unity constant that
depends on the specific neutrino interaction model and
on the thermal averaging process, and a is the scale fac-
tor describing the expansion of the Universe. We note
that τ˙ν ∝ 〈σννv〉. In this work, we focus our attention
on the case where Gν  GF. Therefore, we justifiably
neglect the contributions from electroweak processes to
the neutrino opacity in what follows. Since the opacity
is only sensitive to the product of ξ and G2ν , we define an
effective coupling constant
Geff ≡
√
ξGν =
√
ξ
g2ν
M2ϕ
. (3)
In the following, we shall phrase our constraints uniquely
in terms of Geff . The opacity of the neutrino medium
implicitly defines a neutrino visibility function given by
g˜ν(z) ≡ −τ˙νe−τν . As in the photon case, the visibility
function can be thought of as a probability density func-
tion for the redshift at which a neutrino begins to free-
stream. Compared to the standard case, the introduc-
tion of a new type of interaction in the neutrino sector
can push the peak of the neutrino visibility function to
considerably lower redshift. We illustrate in Fig. 1 the
neutrino visibility function for different values of the ef-
fective coupling constant Geff .
It is important to keep in mind that in scenarios where
neutrinos have extra interactions, we generally expect
their thermal history to differ from the standard cosmo-
logical scenario (see e.g. [55]). For instance, a new media-
tor particle could decay or annihilate into neutrinos after
they decouple from the SM plasma, hence reheating the
neutrino sector compared to the CMB. However, since
these types of effects are highly model dependent we do
not consider them here and fix the neutrino temperature
to the standard value Tν = (4/11)
1/3TCMB throughout.
As we discuss below, for most of the allowed parameter
space1 the mediator particle is heavy enough as to not
dramatically change the thermal history of neutrinos. We
emphasize that for any realistic model of neutrino self-
interaction, it is straightforward to modify our analysis to
self-consistently take into account the different thermal
history of neutrinos.
EVOLUTION OF COSMOLOGICAL
FLUCTUATIONS
To determine the impact of neutrino self-interaction on
cosmological observables, we evolve the neutrino fluctu-
ation equations from their early tightly-coupled stage to
their late-time free-streaming solution. By prohibiting
free-streaming, neutrino self-interactions severely damp
the growth of anisotropic stress associated with the
quadrupole and higher moments of the neutrino distribu-
tion function. Indeed, while the equations for the density
and velocity fluctuations of the neutrinos are unaffected
by the self-interaction, the moments with l ≥ 2 are cor-
rected by a damping term proportional to τ˙ν which ef-
fectively suppresses their growth,
F˙ν2 =
8
15
θν +
8
15
kσ − 3
5
kFν3 + α2τ˙νFν2 (4)
F˙νl =
k
2l + 1
[
lFν(l−1) − (l + 1)Fν(l+1)
]
+ αlτ˙νFνl, (5)
where we follow closely the notation of Ref. [56] in syn-
chronous gauge. The αls are order unity l-dependent
coefficients that depends on the specific model used for
neutrino interactions. In our analysis, we set these co-
efficients to unity; in practice, any change to α2 can
be reabsorbed into Geff while changes to αl for l ≥ 3
have very little impact on the CMB. We note that Eqs. 4
and 5 were derived in the limit that the neutrino distri-
bution function remains thermal throughout decoupling.
This approximation is certainly valid at early times when
rapid neutrino scattering maintains local thermodynamic
equilibrium. As the epoch of neutrino decoupling is ap-
proached, the non-negligible momentum transfer in typ-
ical neutrino-neutrino collisions can caused the neutrino
distribution function to depart from its pure thermal
form. We however expect these spectral distortions to be
subdominant due to the narrowness of the neutrino visi-
bility function caused by the steep T 5ν dependence of the
scattering rate. Moreover, the importance of neutrino
spectral distortions is further reduced by the fact that
1 The exception being the peculiar “interacting neutrino” cosmol-
ogy. We refer the reader to the results section for more details.
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FIG. 2. Snapshot of neutrino and photon density fluctuations in configuration space at a fixed redshift. The black dot-dashed
line shows the standard free-streaming neutrino fluctuation while the green dashed line displays the corresponding photon
density fluctuation. The solid blue and red dotted lines show the density fluctuation of self-interacting neutrinos and the
corresponding photon perturbation, respectively. These two lines lie on top of one another since both neutrinos and photons
behave as tightly-coupled fluids at the epoch shown here. The difference between the green dashed and the red dotted lines
readily illustrates the phase shift and amplitude suppression of the photon fluctuation associated with free-streaming neutrinos.
Here we have adopted a Planck cosmology [3].
neutrinos solely couple to CMB photons via the gravita-
tional potentials, which themselves depend on integrals
of the neutrino distribution function. While it would be
interesting to study and quantify the impact of neutrino
spectral distortions on the CMB (see e.g. [57]), we leave
this possibility to future work and assume the form of
Eqs. (4) and (5) to be valid throughout neutrino decou-
pling.
We solve Eqs. 4 and 5 numerically together with the
standard perturbation equations for the photons, baryons
and dark matter using a modified version of the code
CAMB [58]. At early times, the tightly-coupled neutrino
equations are very stiff and we use a tight-coupling ap-
proximation which sets Fν2 = 8(θν + kσ)/(15α2τ˙ν) and
Fνl = 0 for l ≥ 3 [59]. We note that the neutrino opacity
is related to the commonly used viscosity parameter c2vis
though the relation c2vis = (1/3)(1−(15/8)τ˙να2Fν2/(θν+
kσ)). As long as neutrinos form a tightly-coupled fluid,
the second term is very close to unity and c2vis approaches
zero. After, the onset of neutrino free-streaming, the sec-
ond term becomes vanishingly small and c2vis → 1/3. This
illustrates that modeling nonstandard neutrino physics
with a constant c2vis 6= 1/3 has no intuitive meaning in
terms of simple particle scattering, hence shedding doubt
on the usefulness of this parametrization.
We compare in Fig. 2 the evolution in configuration
space of self-interacting and free-streaming neutrino fluc-
tuations. Since it can establish gravitational potential
perturbation beyond the sound horizon of the photon-
baryon plasma, free-streaming radiation suppresses the
amplitude and shift the phase of photon density fluctua-
tions [13, 19, 20]. For each Fourier mode of the photon
fluctuations, the magnitude of these two effects is directly
proportional to the free-streaming fraction of the total
radiation energy density when the Fourier mode enters
the Hubble horizon. If neutrino free-streaming is delayed
due to their self-interaction until redshift zν∗, Fourier
modes of photon fluctuations entering the horizon before
zν∗ would not be affected by the standard shift in am-
plitude and phase. On the other hand, the amplitude of
5FIG. 3. CMB temperature power spectra for different values of Geff . The upper panel shows the temperature spectra themselves
together with recent measurements, while the lower panel displays the relative difference between the interacting neutrino models
and the best-fit Planck ΛCDM cosmology [3] with three neutrinos. The dashed red lines illustrate the interacting neutrino
cosmology given in Table I.
photon fluctuations becoming sub-horizon at a redshift
zeq<z<zν∗ would be suppressed and their phase would
be shifted toward larger scales (smaller l). Therefore, the
impact of delayed neutrino free-streaming on the tem-
perature and polarization power spectra of the CMB is
a l-dependent shift in their amplitude and phase. Multi-
poles with leq<l<lν∗ are largely unaffected by neutrino
self-interaction while multipoles with l>lν∗ are expected
to gradually display more power and have their phase
shifted toward smaller angular scales as l is increased.
We illustrate these signatures of neutrino self-interaction
for different values of Geff in Fig. 3.
DATA
To constrain neutrino self-interaction, we use the CMB
data from the Planck satellite [3]. We utilize both the
low-multipole and high-multipole temperature data, in-
corporating the required “nuisance” parameters describ-
6ing foregrounds and instrumental effects, and also in-
clude the WMAP low-l polarization data. We refer to
this dataset as “Planck+WP”. We also incorporate the
high-resolution temperature data from the South Pole
Telescope (SPT) and the Atacama Cosmology Telescope
(ACT). As in the original Planck analysis, we only in-
clude the ACT 148×148 spectra for l≥ 1000, the ACT
148×218 and 218×218 spectra for l≥1500 [60, 61], and the
SPT data described in [62] for l≥2000. We fully incorpo-
rate the nuisance parameters describing foregrounds and
calibration uncertainties for both SPT and ACT. We col-
lectively refer to this dataset as “High-l”.
We also include in our analysis baryon acoustic oscil-
lation (BAO) data from a reanalysis of the Sloan Digital
Sky Survey DR7 [63], from the 6-degree Field survey [64],
and from the Baryon Oscillation Spectroscopic Survey
[65]. For our cosmological parameter estimation, we use
the publicly available Markov Chain Monte Carlo code
CosmoMC [66]. We also obtain a pre-Planck era constraint
on neutrino self-interaction by using WMAP9 tempera-
ture and polarization data [67] in addition to the high-
resolution temperature data from SPT and ACT. For
this analysis, we use the ACT temperature data from
the equatorial patch for 500 < l < 3500 and SPT tem-
perature data for 650< l< 3000 as described in [68]. In
both cases, these spectra are pre-calibrated to WMAP
and pre-marginalized over foregrounds. We collectively
refer to this dataset as “WMAP9 + ACT + SPT”. While
the cosmological results from this last combination of
datasets are somewhat in tension with those determined
by Planck, we will see that our results are robust and
only weakly depend on the specific datasets considered.
RESULTS AND DISCUSSION
We run Markov Chain Monte Carlo analyses with the
above-mentioned data, letting the standard six parame-
ters of ΛCDM vary (Ωch
2, Ωbh
2,θ∗,τ ,ns and ln (1010As))
in addition to varying Geff and the nuisance parameters.
We set the prior distributions to those described in [3],
and use a flat prior on log10(GeffMeV
2)∈ [−6, 0] (we will
relax this assumption below). To ensure that we fully
explore the posterior distribution, we generate Markov
chains at high temperature and obtain our final posterior
by importance sampling. To verify chain convergence,
we run ten independent chains for each combination of
data sets and make sure that each yields a similar pos-
terior, and that the Gelman-Rubin convergence criterion
between the chains is at most R − 1 = 0.02 for the least
converged parameter. In our analysis, we fix the effective
number of neutrinos to the standard value of 3.046 and
focus on massless neutrinos. We will expand our analysis
to massive neutrinos in future work.
We show in Fig. 4 the marginalized posterior distri-
bution of log10(GeffMeV
2) for all the combinations of
datasets considered. We surprisingly observe that the
marginalized posterior is multimodal. To avoid quoting
misleading bounds, we provide below confidence intervals
for each mode separately. It is important to emphasize
that the posterior distribution of nuisance parameters is
not affected by the introduction of Geff , indicating that
the effect of neutrino interaction is not degenerate with
foreground contamination and calibration uncertainties.
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FIG. 4. Top panel: Marginalized posterior distribution of
log10(GeffMeV
2) for different combinations of datasets and
priors. Bottom panel: 2D marginalized constraints in the ns
and log10(GeffMeV
2) plane.
Standard Cosmological Mode
The principal mode of the distribution, which connects
continuously with the standard cosmological scenario,
7spans the range Geff ≤ 10−2.6MeV−2. For this mode, the
exact confidence intervals strongly depend on the lower
limit of the flat prior on log10(GeffMeV
2) since Geff .
10−5 MeV−2 has little impact on the CMB. For our choice
of prior, we obtain log10(GeffMeV
2) <−3.5 (95% C.L.)
for “Planck+WP+High-l+BAO”. In terms of the Fermi
constant, this bound corresponds to log10(Geff/GF)<7.4
(95% C.L.). Assuming a scalar mediator which satu-
rates the coupling strength limit of Refs. [33, 34], this
bound implies a mediator mass Mϕ & 0.4 MeV. Within
this mode, the range of allowed Geff values is remarkably
large, implying that the onset of neutrino free-streaming
could have been significantly delayed beyond weak de-
coupling without affecting cosmological observables. Re-
casting the above limit into a model-independent lower
bound on the peak of the neutrino visibility function,
we obtain zν∗ & 1.5 × 105. This in turns implies that
the temperature of the cosmological neutrino bath at the
onset of free-streaming could have been as low as ∼ 25
eV. It is important to emphasize that this number is al-
most 5 orders of magnitude below the standard value of
Tν,dec ' 1.5 MeV. While this observation does not imply
the presence of new physics in the neutrino sector, it does
show that there is considerable room for new physics to
turn up in the way neutrinos interact.
Interacting Neutrino Mode
The secondary mode of the posterior distribution,
which spans 10−2.6 < GeffMeV2 < 10−1.3, represents a
truly novel cosmological scenario. In this “interact-
ing neutrino” cosmology, neutrinos are tightly-coupled
until zν∗ ∼ 104 such that most of the CMB multi-
poles do not receive the usual phase shift and ampli-
tude suppression associated with the presence of free-
streaming radiation. The presence of this new mode with
log10(GeffMeV
2) = −2.0±0.2 (68% C.L.) or equivalently,
log10(Geff/GF) = 8.9 ± 0.2, indicates that the absence
of these “free-streaming” effects can be compensated by
adjusting the other cosmological parameters, especially
the scalar spectral index and the amplitude of primor-
dial fluctuations (see Table I). This points to a previously
unknown degeneracy between the spectrum of primordial
fluctuations and the gravitational effect of the neutrinos
on the CMB. We display in Fig. 3 (red dashed line) an
example of the CMB temperature spectrum for the in-
teracting neutrino cosmology. We observe that the inter-
acting neutrino cosmology temperature spectrum closely
follows the best-fit ΛCDM Planck spectrum, except at
the lowest multipoles where sample variance dominates.
We note that the error bars of the WMAP 9-year data al-
lows for an additional mode of non-vanishing probability
at large Geff values. This region is disfavored by current
Planck data and we do not further consider this region
of parameter space.
Parameters Standard Mode Interacting-ν Mode
Ωbh
2 0.0221± 0.0002 0.0222± 0.0003
Ωch
2 0.119± 0.002 0.120± 0.002
τ 0.09± 0.01 0.09± 0.01
H0 68.1± 0.8 69.0± 0.8
ns 0.959± 0.006 0.932± 0.006
109As 2.19± 0.02 2.07± 0.02
log10(GeffMeV
2) < −3.5 (95% C.L.) −2.0± 0.2
log10(Geff/GF) < 7.4 (95% C.L.) 8.9± 0.2
TABLE I. Marginalized constraints on cosmological parame-
ters for the two main modes of the distribution. Unless oth-
erwise indicated, we quote 68% confidence level for Planck +
WP + High-l + BAO.
How significant is the interacting neutrino cosmology?
From Fig. 4, it is clear that the weight of the interacting
neutrino mode in the posterior is smaller compared to
that of the principal mode. This is however the result of
our choice of prior: a uniform prior on log10(GeffMeV
2) is
equivalent to setting a non-uniform prior on Geff which
scales as 1/Geff . Our choice of prior thus gives larger
weights to small values of Geff , hence favoring the stan-
dard ΛCDM model. However, if we instead impose (an
arguably equally reasonable) uniform prior on Geff , then
the interacting neutrino cosmology becomes favored over
the standard cosmological model (see dashed line in top
panel of Fig. 4). Therefore, it is clear that additional
datasets will have to be considered to determine whether
the interacting neutrino cosmology is a plausible scenario.
Of course, it is important to keep in mind that such a
large effective coupling constant corresponds to a neu-
trino interaction cross section that is more than 17 orders
of magnitude above that of the SM (see Eq. (2) above).
Within our simple phenomenological framework, such a
large cross section requires the mass of the mediator to be
very light (∼ 50 keV) which is likely in conflict with BBN
bounds on the number of relativistic species in the early
Universe [38]. However, it remains to be seen whether
more complex (and realistic) models of neutrino interac-
tions (see, e.g., [54, 69–71]) can be built to accommodate
such a large interaction cross section while evading other
constraints. It is nevertheless intriguing that this alter-
nate cosmology is only viable for a narrow range of the
neutrino interaction strength.
CONCLUSION
In conclusion, we have shown that the CMB allows for
a neutrino self-interaction strength that is orders of mag-
nitude larger than the standard Fermi constant. More-
over, we have determined that strongly self-interacting
neutrinos with Geff ' 1/(10 MeV)2 ' 8.6 × 108GF can
8lead to a CMB spectrum that is in very good agreement
with the data. We expect that upcoming CMB polariza-
tion data from Planck, SPTpol [72], and ACTpol [73] will
slightly improve our limits by providing independent con-
straints on the phase shift and amplitude change caused
by self-interacting neutrinos. Moreover, CMB lensing re-
construction will likely provide tight constraints on the
interacting neutrino cosmology by narrowing the allowed
range of ns and As. Given the relatively large interac-
tion strengths discussed here, it is interesting to consider
whether tests of self-interacting neutrino physics might
be made with extensions of existing neutrino beam ex-
periments (see, e.g., Refs. [21, 74]), a rather exciting pos-
sibility.
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